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Fundamentally, the dynamics of micro-macro transitions is instrumental to understanding the
process of quantum-to-classical transitions; technologically, it can also facilitate the detection of
the microscopic signals in quantum experiments via convenient detectors. Here, we demonstrate
a scheme to characterize micro-macro transitions based on a four-wave mixing linear optical am-
plification process in a hot rubidium vapor. The linear optical amplifier provides a large optical
gain of 107 for injected single-photon-level pulses, enabling photon-number-resolving detection by
average via non-single-photon counting detectors with a large dynamic range. The scheme exhibits
strong dispersion which is sensitive to the input’s change at the single-photon level, resulting in the
group-velocity delay time scaling with 1/
√
N , where N is the average input photon number. The
output probe and conjugate modes have different coefficients of this 1/
√
N scaling, indicating the
coefficient can serve as an efficient parameter to characterize the specified micro-macro transitions.
The demonstrated results are generally applicable for quantum detection and optical signal process-
ing in light-atom interfaces. Furthermore, the present system is suitable for the study of relevant
time-resolved dynamics of the quantum-to-classical transitions.
PACS numbers: 42.50.Gy, 42.50.Nn, 42.50.Xa, 42.65.Yj
Optical amplification has played an important role
in optical signal processing and optical communica-
tion [1, 2]. The scheme of amplifying the single-photon
qubit via stimulated emission is also proposed to facil-
itate the detection in quantum experiments with con-
venient detectors [3]. On the other hand, the dynamics
of optical amplification is instrumental to understand-
ing the process of quantum-to-classical transitions [4, 5]
as the fundamental quantum non-cloning law imposes
the impossibility of perfectly copying an unknown arbi-
trary quantum state [6]. The connection between micro-
to-macro transitions and quantum-to-classical transitions
has been investigated with optical parametric amplifiers
in crystal-systems [7, 8] and with four-wave mixing in
fiber-systems [9]. However, due to the large inhomoge-
neous broadening in the noted condensed-matter ma-
terials, the dispersion property and the micro-to-macro
transition-time are not well-resolved [7–9]. Note there is
another aspect of micro-macro state is prepared by mix-
ing the micro and macro state via beam splitters [10, 11].
Alkali-metal atomic vapor, with well-defined energy
level structures, high feasible optical depths and much
smaller inhomogeneous broadening, allows for quan-
tum interference between different channels, e.g. elec-
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tromagnetically induced transparency (EIT) [12–19], and
enhanced resonant light-atom interactions due to the
radiative interference and the induced atomic coher-
ence [16, 18, 20–22]. Theoretical research has pointed
out the efficient parametric amplification for the infinites-
imally small initial values is possible in a resonantly
driven multilevel atomic system [20]. EIT based on quan-
tum interference can render an otherwise opaque medium
transparent over a narrow spectral range. The resulting
steep dispersion and the group-velocity delay are used
to buffer optical information and interrogate the dynam-
ics of the light-matter interactions [15–19, 23–29]. Up to
now, the demonstrated slow-light phenomena are tun-
able by the macroscopic means such as by changing the
strong pump power or by changing the medium temper-
ature [15–19, 23–27], but are not sensitive to the micro-
scopic input’s change at the single-photon level (which
is theoretically proposed in [28] and experimentally ex-
plored towards realization in [29], both with cavity sys-
tems). It is then complementary to have the access to
the information from the microscopic view.
In this work, to characterize the micro-macro transi-
tions with an atomic-vapor-based linear optical ampli-
fier (LOA), the four-wave mixing (FWM) process based
on the double-lambda configuration (Fig. 1(b)) in a hot
rubidium vapor [30, 31] is used. In this process, two
pump photons are converted into one probe photon and
one conjugate photon in each cycle such that the atomic
states are preserved after each cycle. The light fields can
be coupled via the atomic coherence between the two
hyperfine ground states, which allows for reducing the
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FIG. 1: Experimental scheme. (a), The linear optical am-
plifier amplifies the microscopic-level input into the macro-
scopic regime and the transition time, which is indicated by
the group-velocity delay time, is observed to be differentiated
with the increased input at the microscopic level. (b), Atomic
energy levels of the D1 transition of Rb85 involved in the
four-wave mixing (FWM) process based on the double-lambda
configuration. FWM light fields can be coupled through the
atomic coherence between the two ground states, which re-
duces the resonant losses and increases the relevant nonlin-
earity. Combined with the large detuning relative to the
Doppler-broadened spectrum in a hot Rb85 vapor, resonant
absorption and spontaneous emission are suppressed. With
a strong, non-depleted pump light beam, the system behaves
like a linear optical amplifier for the input photons. Further-
more, the quantum interference via the coupling between the
light fields and the atomic coherence results in a large group-
velocity delay. (c), The geometry of the experiment. The
amplifier provides a large optical gain of 107 to amplify the
input single-photon-level signals into the macroscopic level,
and to generate a conjugate beam on the opposite side.
resonant losses and increasing the relevant nonlinearities
[16, 18, 20–22]. Combined with the large detuning rel-
ative to the Doppler-broadened spectrum in a hot Rb85
vapor, resonant absorption and spontaneous emission are
suppressed. With a strong pump light beam, which
ensures the condition of low pump depletion, the sys-
tem behaves like a linear optical amplifier for the probe
and the conjugate. Furthermore, the quantum interfer-
ence via the coupling between the light fields and the
atomic coherence results in a large group-velocity delay
[18, 24, 26]. Here, we make use of the FWM-based LOA
to probe the micro-macro transition’s dynamics, involv-
ing a large dynamic range of 70 dB in photon flux.
A high-gain FWM-based LOA requires a high effective
optical depth, such that a 75-mm-long rubidium cell (Fig.
1(c)) with a high atomic density (2 × 1013 atoms/cm3)
at a temperature of 130◦C is used. We begin by charac-
terizing the FWM-based amplification process by seed-
ing a bright coherent beam (27µW) with a diameter of
1 mm at the near-resonance probe frequency and measur-
ing the output’s dependence on the power of the pump
beam (with a diameter of 2 mm). The gain is measured
as the ratio between the output conjugate power and
the input seed. The gain of FWM, G = e−g·L, where
g is the gain coefficient and L is the length of the ru-
bidium cell, is found to exponentially increase with the
pump power (Fig. 2(a)). Correspondingly, the gain coef-
ficient is then found to be linearly decreasing with pump
power (Fig. 2(b)). At a pump power of 130 mW, the gain
coefficient is 0, which indicates that the gain is unity. The
gain coefficient keeps decreasing linearly until saturation
around 180 mW. It is worth noting that the gain for a
low-light-level seed may be much higher than a high-
light-level seed’s gain (for example, 27µW here) in the
amplification process [32], due to the limited pump power
and the saturation of the gain medium.
We operate here in the high-gain regime to demon-
strate the LOA for the single-photon-level input with
a pump power of 300 mW, as the gain-saturated pump
power is higher for the low-light-level input (compared
with the previous 180 mW for a bright seed of 27µW).
When the input probe and conjugate modes are vacua,
the strong coupling between the pump field and the
atoms in FWM can provide large gain for the sponta-
neously emitted probe and conjugate photons in a single-
pass configuration. Conical emission is then generated
with an output pattern of a ring with the photons at the
probe and conjugate frequencies (see the Supplementary
Information). The azimuthal angle between the pump
beam and the ring is 8 mrad, indicating the optimal ori-
entation to fulfill the phase-matching condition in this
FWM scheme [33]. As the gain is high, a single-photon-
level injected probe field along the azimuthal angle can
trigger the stimulated FWM process, amplifying the in-
put probe and generating the conjugate [20, 34].
According to Fig. 1(b), the probe photons are more
near-resonant than the conjugate photons, and are used
to seed the process. By injecting a weak probe beam,
stimulated FWM occurs in which the probe is ampli-
fied by a factor of 107 and a conjugate is generated on
the opposite side of the pump (Fig. 1(c)). We investi-
gate the output power of the conjugate, which suffers
less from the Doppler-broadened absorption, as a func-
tion of average input probe photon number from 1 to 10
photons (Fig. 2(c)) and for a large scale (Fig. 2(d)), show-
ing the linear amplifications for a large dynamic range of
low-light-level inputs. As the outputs are at the macro-
scopic level, the output signals are detected by off-the-
shelf linear detectors (non-single-photon counting detec-
tors, e.g. Thorlabs PDB450A). The results demonstrate
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FIG. 2: Gain properties of the linear optical amplifier. (a), Gain versus pump power. The gain is exponentially (guide to eye,
the red dashed curve) increasing with the pump power. (b), The gain coefficient versus pump power. It can be seen that the
gain coefficient is linearly (guide to eye, the red dashed curve) tunable in a large range depending on the pump power. (c),
The output amplitude of the conjugate mode versus the average photon number in the input pulse. The red line is linear with
a slope of one, and is used as a guide for the eye. To get the significant signal to noise ratios, the plots displayed have been
averaged by 105 times for the lowest plot and 104 times for the highest plot. (d), The large scale of dynamic range of conjugate
versus average photon number in input pulse. The linearity (guide to eye, the red dashed curve) is preserved up to ∼1000
average photon number. Error bars represent one standard deviation, combined statistical and systematic uncertainties. Error
bars in (d) are smaller than the symbols.
that the FWM-based LOA is capable of operating at the
single-photon level and the linearity is preserved well up
to ∼1000 average input photon number. The signals ob-
served on the oscilloscope are averaged for 105 times for
the lowest plot in Fig. 2(c) and 104 times for the highest
plot in Fig. 2(c) in order to achieve high signal-to-noise
ratios (SNRs).
In our experiment, the large gain resulted from high ef-
fective optical depth leads to the generation of the conical
emission and the partial re-absorption for the probe and
pump beams in the Doppler-broadened wings of rubid-
ium vapor (see the Supplementary Information), result-
ing in significant extra noise, which limits the SNR of
our system. It is anticipated that working in a regime of
lower optical depth to decrease the extra noise, and cas-
cading the system to compensate for the decreased gain,
will largely enhance the overall SNR [35]. In the other
hand, quantum mechanics predicts that a certain level of
quantum noise must be added in any optical amplifier [6].
When the FWM-based LOAs gain is tuned into an ap-
propriate level to reveal the intrinsic quantum correla-
tion between the probe and the conjugate in this FWM
scheme [30, 31], the cascaded FWM system would allow
for cancellation of internal quantum noise of an optical
amplifier through quantum destructive interference [36].
In order to characterize the dispersion properties
of the FWM process, the probe frequency is scanned
across the two-photon resonance (with the pump shown
in Fig. 1(b)), revealing two nearly Lorentzian gain pro-
files at the probe and conjugate frequencies with full
width half maximum (FWHM) linewidths of 1.48 MHz
and 1.53 MHz, respectively, as shown in Fig. 3(a) and
45 0 5 10
Two-photon detuning (MHz)
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
(A
.U
.)
(a)
5 0 5 10
Two-photon detuning(MHz)
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
(A
.U
.)
(b)
0.0 0.5 1.0 1.5 2.0
Time(µs)
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
(A
.U
.)
(c)
FIG. 3: Slow light of the output modes. (a), and (b), The
gain profiles of the probe and the conjugate versus the two-
photon detuning when seeded with a 1 pW continuous-wave
probe beam. Each profile is fitted by a Lorentzian function,
indicating the much narrower bandwidths around 1.5 MHz
than the natural bandwidth of Rb85, 5.75 MHz. The output
probe beam is weaker than the conjugate due to the Doppler-
broadened absorption in its vicinity, which also leads to more
distorted output probe pulses. (c), The delays of the out-
put probe and conjugate pulses at two different frequencies
when injected with probe pulse containing 0.7 photons on av-
erage. The delay times for the probe and conjugate pulses
are 672ns (yellow curve) and 592ns (blue curve), with the frac-
tional delays of 1.14 and 1.01, respectively. The plots are aver-
aged for 104 times. The red curve is the reference pulse taken
with propagation at the vacuum speed of light. All the plots
are superposed on a constant background from the unseeded
conical emission and normalized to facilitate the comparison
of the input and output pulse-shapes.
Fig. 3(b). Both of the two gain profiles are much narrower
than the natural linewidth of Rb85, 5.75 MHz, due to the
quantum interference based on the atomic coherence in
the double-lambda configuration [24, 25, 37]. The ampli-
tude of the output probe mode is smaller than that of the
conjugate mode due to the additional Doppler-broadened
absorption at the probe frequency (Supplementary Infor-
mation).
The steep dispersions resulted from the narrow gain
profiles give rise to the slow group velocities for the out-
put probe and conjugate signals [18, 21, 38, 39], when
tuned to the gain-line center. In Fig. 3(c), the gener-
ated group-velocity delays are displayed with the injected
probe pulse containing 0.7 photons on average. The ref-
erence pulse is obtained by measuring the injected strong
probe pulses without attenuation when the pump beam
is blocked and the probe frequency is tuned far away from
the atomic resonances. The group-velocity delays of the
probe and conjugate pulses are 672 ns and 592 ns, with
the fractional delays of 1.14 and 1.01, respectively (Fig.
3(c)). One noted feature is that the conjugate pulse is
faster than the probe pulse, which is a well-understood
property of the dynamics of FWM process based on the
double-lambda configuration [24, 25, 37].
The strong coupling at the low-light-level injection al-
lows for investigating the dependence of the dispersion
and the group-velocity delay on the average input pho-
ton numbers, which is shown in Fig. 4. Due to the strong
coupling, the stronger input continuous power will make
the bandwidths of the gain profiles broader (Fig.4(a) and
Fig.4(c)). To describe this effect, we utilize the Raman
gain model based on atomic coherence [21, 38]:
Γgain =
η · Ωpump · Ωprobe
∆Raman
, (1)
involving the gain profile’s bandwidth, Γgain, the Rabi
frequencies of pump and probe, Ωpump and Ωprobe, and
the coupling strength, η. The broadening of the gain
profile will lead to the less steep dispersion and result
in a shorter group-velocity delay of the pulses, which is
characterized as τd = 1/Γgain [21].
Here we are interested in characterizing the relation-
ship between the dispersion and the resulting delay time
in the linear amplification regime indicated in Fig. 2(d).
The results of the gain bandwidth when the input con-
tinuous probe power increases from 0.5 pW to 400 pW
are shown in Fig. 4(a) and Fig. 4(c) for the probe and the
conjugate, respectively. With the pulse lengths of 587 ns,
it corresponds to the range for the input average photon
number from ∼1 to ∼800 in Fig. 4(b) and Fig. 4(d), well
within the linear amplification regime (Fig. 2(d)). The
resulting change in the bandwidth and the delay time
agree quantitatively with Eq. (1) over the large dynamic
range. The typical delayed pulses in the conjugate mode
for different average input photon numbers are shown in
Fig. 4(e). While increasing the input power causes other
nonlinearities [39, 40] which are responsible for the slight
pulse distortions, the pulse peaks (Fig. 4(f)) are depend-
ing on the average input photon numbers as predicted by
Eq. (1). The pulses shown in Fig. 4(e-f) have the back-
ground subtracted and are normalized to assist in the
visualization.
When the group-velocity delay time is tuned by the
strong pump beam or the medium temperature [15–
19, 23–27], it is possible to have the same absolute delay
time with different pump powers of medium tempera-
tures by the temperature/pump power balancing. It is
then difficult to use one absolute delay time for one spe-
cific input state to fully characterize all the aspects of
the micro-macro transitions. It will be complementary
to have the access to the collective delay-time behavior
of different microscopic inputs, i.e., the relevant coeffi-
cient for the delay-time scaling versus the microscopic
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FIG. 4: Dispersion-delay time matching. (a), and (c), The bandwidths of the probe and conjugate gain profiles versus the
input continuous power. (b), and (d), The delay of the conjugate pulse versus the average input photon number. The fits from
Eq.(1) are essentially of the forms of s · √x+ z for (a) and (c), and 1/(s · √x+ z) for (b) and (d), in which s characterizes the
dispersion’s sensitivity on the input power and z is the off-set determined by the system. For conjugate, sc and sd are 1.988
±0.39×105GHz/√pW and 2.154 ±0.33×105GHz/√pW . For probe, sa and sb are 1.373 ±0.144×105GHz/
√
pW and 0.729
±0.292×105GHz/√pW . The conjugate has stronger sensitivity and better bandwidth-delay time matching due to the less
absorption. (e-f), Typical delayed pulses and highlighted peak parts in the conjugate mode for different average input photon
numbers of 413 (yellow), 200 (purple), 73 (green), 2 (red), and reference pulse (blue). The pulses shown in Fig. 4(e-f) have the
background subtracted and are normalized to assist in the visualization.
inputs may be different in different scenarios. In the cur-
rent work, the output probe and conjugate modes have
different coefficients of this 1/
√
N scaling (the probe is
with 0.729 ±0.292×105GHz/√pW , and the conjugate
is with 2.154 ±0.33×105GHz/√pW ) due to the different
absorptions, indicating the coefficient can serve as an effi-
cient parameter to characterize the specified micro-macro
transitions.
In conclusion, we have demonstrated a high-gain linear
optical amplifier converting the microscopic-level inputs
into the macroscopic level based on the four-wave mixing
process in a hot rubidium vapor. The gain for different
6inputs at the single-photon level is identical in the linear
amplification regime, enabling photon-number-resolving
detection by average via non-single-photon counting de-
tectors with a large dynamic range. The temporal dy-
namics for the micro-macro transitions is resolved in this
highly dispersive medium, showing the group-velocity de-
lay time scaling with 1/
√
N , where N is the average input
photon number. The experimental results have shown
good dispersion-delay time matching in a large dynamic
range.
Our demonstration is generally applicable for quantum
detection of photon-number information in atom-based
quantum metrology and quantum information [41, 42],
i.e. it can be used to determine the mean photon number
inside the optical SU(1,1) interferometer [43, 44] to eval-
uate the ultimate obtainable sensitivity as it is done in
the atomic counterpart [45]. The next intriguing task is
to measure the noise figure (NF) with different inputs at
the microscopic level, which is the SNR of the amplified
signal divided by the input signal’s SNR. The relation
between the different micro-to-macro transition times in
the quantized photon-number regime and the quantum
noise property will enable new prospects for the study
of quantum-to-classical transition [46, 47]. It is also an-
ticipated to inject the micro-to-macro transitions with
one half of the quantum correlated photon pairs [48] to
interrogate the micro-macro entanglement in the highly
dispersive medium.
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8Supplementary Information
I. EXPERIMENTAL METHODS
The laser beams used in the experiment are derived
from a Ti:Sapphire laser (Matisse, Spectra-Physics) blue-
detuned roughly 1.25 GHz from the 5S1/2 (F=2) to 5P1/2
transition in 85Rb. The pump is linearly polarized and is
spatially filtered using a single-mode optical fiber. The
injected probe is derived from one part of the pump
and down-shifted by approximately 3.036 GHz by double-
passing an acoustic-optical modulator. Afterwards the
probe is spatially filtered using another single-mode op-
tical fiber. The pump and probe beams are perpendic-
ularly polarized and combined with a Glan-Taylor po-
larizer which has an extinction ratio of 105:1. A nat-
urally abundant rubidium vapor cell with a length of
7.5 cm is heated to 130◦C as the working temperature,
which corresponds to a 85Rb atomic number density of
2×1013 atoms/cm3. The probe pulses are highly attenu-
ated down to the single-photon level with neutral density
filters before being sent into the rubidium cell. The aver-
age photon number per pulse is determined by the mea-
sured peak power in the range of pW and a pulse width
of 587 ns. The output pulses are measured by off-the-
shelf photodetectors from Thorlabs (PDB450A). To ob-
serve the signals with high vertical resolution, we used a
12-bit analog-to-digital converter oscilloscope (Teledyne
Lecroy HD 4096). To observe the signals with high hor-
izontal resolution, we used a high bandwidth (2.5GHz)
oscilloscope (Tektronix 7254C). Error bars shown in the
paper represent one standard deviation, combined statis-
tical and systematic uncertainties.
II. DOPPLER-BROADENED ABSORPTION,
CONICAL EMISSION AND SPECTRA
The Doppler-broadened spectra of the rubidium cell
are shown in Fig. S1. The origin corresponds to the
5S1/2 (F=2) to 5P1/2 transition of
85Rb D1 line. We
set the pump frequency around 1.25 GHz blue-detuned
from the 5S1/2 (F=2) to 5P1/2 transition to avoid the
Doppler-broadened absorption. When the pump power is
300 mW, the observed conical emission with a pattern of
ring is shown in Fig. S2(a). The ring has a half-angle cone
of rough 8 mrad. The conical emission angle is affected
by the system parameters, such as the cell temperature
and the pump’s one-photon detuning frequency [33].
After filtering out the residual pump power with a
Golan-Taylor polarizer after the cell, the ring contains
photons at the probe and conjugate frequencies with a
frequency difference of ∼6 GHz (Fig. S2(c)). The ma-
jority of the generated photons are at the conjugate
frequency due to the strong absorption at the probe
frequency with the present rubidium system (Fig. S1).
When the system is injected with 1 pW continuous input
(a) 
(b) 
FIG. S1: Doppler-broadened spectra of the rubidium cell at
the room temperature (a), and at the working temperature
of 130◦C (b). The frequencies of probe, pump and conjugate
are indicated by the arrows.
power, the observed pattern is shown in Fig. S2(b). The
probe beam’s intensity is weaker due to the additional
Doppler-broadened absorption.
III. GROUP-VELOCITY DELAY TIMES
VERSUS PUMP POWER
In the present experiment, the group-velocity delay
times can be tuned by changing the pump power. Due
to the power broadening, the gain profile’s bandwidth is
proportional to the pump intensity (Fig. S3 inset), which
modifies the dispersion to be less steep as the pump
power increases, resulting in less group-velocity delay.
Fig. S3 shows the output pulse delay’s dependence on
the pump power when the input probe pulses contain
3.8 photons on average. The measurement in Fig. S3
shows that the group delay can be tuned by changing
the pump power. The relative delay between the con-
jugate and probe pulse is a fundamental feature of this
scheme [21, 24, 37].
9(a) (b) 
(c) 
FIG. S2: FWM output pattern observed in the far field for the case without input (a), and with 1pW continuous input (b).
The bright spots are the amplified probe beam (right spot) and the generated conjugate beam (left spot), respectively. (c), The
spectrum of conical emission photons is measured by a Fabry-Perot cavity with a free spectral range of 10 GHz. The displayed
figure contains the result of two scanning cycles.
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FIG. S3: The delays of the output probe pulses (red squares) and the output conjugate pulses (green circles) versus pump
power are shown. The upper right inset shows the gain profile’s bandwidth of the probe (red squares) and conjugate (green
circles) versus pump power. Due to the power-broadening effect, the bandwidth is proportional to the pump power, and thus
shows good agreement with a linear fit. This bandwidth broadening makes the corresponding dispersion less steep and leads to
the less group-velocity delay. Error bars represent one standard deviation, combined statistical and systematic uncertainties.
The error bars in the inset figure are smaller than the symbols’ size.
